Eye movements during fixation were recorded in 55 normal subjects with ages ranging from 21 to 81 years. We analysed ocular fixation recordings using measurements of saccadic intrusion amplitudes and frequencies along with fixation periods and mean fixation displacement. Viewing conditions included monocular, binocular and presence or absence of a visual fixation target. Visual feedback reduced the saccadic intrusion amplitudes but had no effect on fixation periods or mean fixation displacements. Binocular viewing had no effect on saccadic intrusion amplitudes, fixation periods or mean fixation displacements. A decrease in fixation periods and an increase in the number of saccadic intrusions with age was observed. This approach could be a clinically useful tool to quantify ocular fixation in neurological disease.
Introduction
The eyes do not remain stationary when viewing a point in the centre of the visual field. There are two distinct classes of eye movements observed during fixation, first micro movements which are typically less than 10' in amplitude (Carpenter, 1988; Martinez-Conde, Macknik, & Hubel, 2004) and second, larger conjugate movements. These latter movements include slow drifts of up to 1 deg in amplitude and a variety of fast eye movements termed saccadic intrusions (Leigh & Zee, 1999) . These saccadic intrusions have been further subdivided according to their morphological features into monophasic square wave intrusions (square wave jerks), biphasic square wave intrusions, saccadic pulses and double saccadic pulses (Abadi & Gowen, 2004; Abel, Traccis, Dell'Osso, Daroff, & Troost, 1984) . However Abel et al. (1984) indicated that in the presence of larger numbers of square wave jerks, determination of the saccade taking the eye off target and returning them was difficult. Many studies of fixation have concentrated on characterising the features of saccadic intrusions to the exclusion of other features such as fixation periods that may occur between saccadic intrusions (Herishanu & Sharpe, 1981; Sharpe, Herishanu, & White, 1982; Jones, Friedland, Koss, Stark, & Thompkins-Ober, 1983; Elidan, Gay, & Lev, 1984; Fukazawa, Tashiro, Hamada, & Kase, 1986; Ohtsuka, Mukuno, Ukai, & Ishikawa, 1986; Shallo-Hoffmann, Petersen, & Mü hlendyck, 1989; ShalloHoffmann, Sendler, & Mü hlendyck, 1990) . Whilst it is recognised that square wave jerks have been described in a number of neurological diseases such as progressive supranuclear palsy and Alzheimer's disease (Jones et al., 1983; Leigh & Zee, 1999) , concentrating solely on saccadic intrusions to the exclusion of other features recorded during fixation such as fixation periods and fixation displacements introduces the possibility of missing features that may provide clinically useful insights into neurological function.
Recent positron emission tomography (Petit et al., 1999 ) and MRI studies (Deutschlander, Stephan, Marx, Bruckmann, & Brandt, 2003) have revealed the roles played by various brain regions in normal fixation. This suggests that careful quantitative analysis of fixation might provide useful insights into the functional integrity of these areas. With this in mind we aimed to develop a system of analysis that allowed an objective and quantitative characterisation of ocular fixation that included both fixation periods and saccadic intrusions.
This study has three main purposes:-first to characterise the saccadic intrusions in terms of their frequency of occurrence, amplitude, peak velocity and duration. Second to characterise fixation periods in terms of their duration and displacement from a central fixation point and third to examine the influence of binocular viewing and visual feed back on ocular fixation.
Materials and methods

Subjects
Approval for the study was obtained from the Queen's University of Belfast Research Ethics Committee. Informed written consent was obtained in accordance with the Declaration of Helsinki from 55 normal healthy volunteers (21 female and 34 male). The age range, mean and standard deviation were 21-81 years, 43.0 and 16.7 years respectively. None of the subjects had any previous or current history of ocular disease, head injury or neurological problems and none were taking drugs known to affect eye movements.
Data acquisition
Subjects were seated in a hydraulic chair so that eyes were level with a tangential screen 1.5 m away. The head was rested on a neck pad and restrained with head tongs to minimise head movement. Eye movements were recorded using the infrared Skalar limbus system and were sampled at 1000 Hz. This system displays a linear response up to +/À15 deg in the horizontal plane and has a stated optimal spatial resolution of 2 min of arc. Noise levels on the ocular fixation recordings were typically less than 0.05 deg. Negative and positive angular displacements represent right and left eye movements, respectively. The output of the system was filtered at 100 Hz (À3 dB) and digitised to 12 bit resolution. Calibration of the system was achieved by requiring the subjects to monocularly track laser generated target moving smoothly with a horizontal trapezoidal waveform of amplitude 10 deg. The waveform was comprised of a 1.25 s dwell time along with a 1.25 s linear phase. After calibration, subjects were instructed to fixate on a fixation target in the centre of the screen for periods of 60 s in a dark room. Three different testing paradigms, monocular fixation with target present (MWT), monocular fixation after removal of fixation target (MNT) and binocular fixation with a target present (BWT), were studied, the rationale being to establish: When used, the fixation target was an illuminated red light emitting diode (led) subtending an angle of 0.2 deg.
Data analysis
Eye movement recordings were downloaded onto a standard PC and analysed off-line using in-house software developed in Borland Delphi Professional Version 7. The eye velocity at any point was determined from the slope of the least squares best fit straight line to five consecutive eye position data points, centred on the point in question. Fig. 1a and b gives illustrative recordings obtained form a single subject using the MWT and MNT test paradigms respectively. The recordings show a number of common features, including periods of fixation interrupted by saccadic intrusions of similar morphology to those described by Abadi and Gowen (2004) . Isolated saccades, not easily identifiable as belonging to a preceding or subsequent monophasic or biphasic square wave intrusion, as described by Abadi and Gowen (2004) were observed (Fig. 1a) . Fig. 1b (MNT) also displays the presence of saccadic intrusions that do not readily fit those described by other published work (Abadi & Gowen, 2004; Abel et al., 1984) . Careful inspection of previous recordings of ocular fixation (Ohtsuka et al., 1986; Shallo-Hoffmann et al., 1989 , 1990 Sharpe et al., 1982) indicates the presence of single and sequences of saccades that also do not easily fit with the description of Abadi and Gowen (2004) . Herishanu and Sharpe (1981) noted the presence of background saccades of amplitudes up to 0.5 deg but did not include them in their analysis whilst Sharpe et al. (1982) reported drift and horizontal saccades replacing square wave jerks when fixating in darkness.
Consequently, in this study we have not sought to classify the saccadic intrusions on the basis of their morphology as previously described (Abadi & Gowen, 2004; Abel et al., 1984) . Rather we describe ocular fixation using a combination of quantitative assessment of fixation periods, saccadic intrusions and fixation displacements in an attempt to develop a clinically useful tool.
Saccadic intrusions
Saccadic intrusions were identified as those rapid eye movements having amplitude of at least 0.2 deg. The saccadic nature of these intrusions was confirmed by visual inspection of the position, velocity and acceleration profiles. A threshold velocity of 10 deg/s was used to identify the start and end of each saccadic intrusion (Abadi & Gowen, 2004) . Blinks that were present in some of the recordings displayed a distinctly different morphology to that of saccadic intrusions. In addition, apparent blink 'peak velocity-amplitude' and 'duration-amplitude' behaviour was not consistent with the saccadic main sequence characteristics. These factors enabled accurate blink discrimination and exclusion from subsequent analyses.
Fixation periods
The ocular fixation signals contained fixation periods as well as the saccadic intrusions described above. Such periods of ocular fixation have been described in terms of both spatial and velocity thresholds (Salvucci & Goldberg, 2000) . In the current work fixation periods were defined as an epoch of at least 30 ms duration in which the eye velocity did not exceed a value of 10 deg/s, this velocity representing an upper limit on the baseline velocity noise, and the mean eccentricity of fixation during this 30 ms interval did not exceed 10 deg from the central fixation point, this value representing the angular amplitude range used in calibration. The apparent velocity and displacement characteristics of blinks that were present in the eye movement recordings did not satisfy the velocity and displacement criteria and hence were excluded when calculating fixation periods.
Results
Box and whisker plots are used to visualise the spread in the data obtained in the current work. The boxes represent 25th and 75th percentiles of the data while the 'whiskers' represent the 10th and 90th percentiles.
Main sequence characteristics of saccadic intrusions
A total in excess of 10,000 saccadic intrusions across all subjects and test paradigms were obtained. In all cases, the amplitude, peak velocity and duration were determined. The peak velocity-amplitude variation observed in the current work was similar to those previously described (Abadi & Gowen, 2004; Garbutt, Harwood, Kumar, Han, & Leigh, 2003) and were adequately described with the exponential model used by others (Baloh, Konrad, Sills, & Honrubia, 1975; Garbutt et al., 2003) given in Eq. (1) (r 2 values typically 0.99)
where V p is the saccade peak velocity and A is the saccadic intrusion amplitude. V max is the asymptotic peak velocity and L is a constant describing the exponential slope.
Estimates of V max and L were obtained by non-linear least squares regression analysis of the peak velocity-amplitude data with typical values of 199.6 deg/s and 0.39 deg, respectively, being observed in the current work. Saccade duration displayed a non-linear variation with amplitude, consistent with the findings of other workers (Lebedev, Van Gelder, & Tsui, 1996; Garbutt et al., 2003) , the variation being well described (r 2 = 0.97) by a simple power law relating saccade duration and amplitude as expressed as follows,
where D is the saccade duration and A is the saccade amplitude. As in the case for Eq. (1), C and n are parameters evaluated by non-linear least squares regression analysis of the saccade duration and amplitude data, typical values being 25.8 ms/deg and 0.33, respectively. Fig. 2 gives the frequency distribution of the amplitude for 2736 saccadic intrusions obtained from all subjects with using the MWT (monocular with target) test paradigm. The amplitudes ranged from 0.2 to 7.1 deg and for the purposes of clarity only those saccades up to 4 deg in amplitude are displayed. The distribution displayed a positive skew towards the higher amplitudes. Similar skewed distributions were observed for all other test paradigms. In the present work, we have used the geometric mean to characterise the distribution. No significant correlation between subject age and geometric mean saccadic intrusion amplitude was observed for any of the test paradigms investigated. Fig. 3 and Table  1 present the variation in geometric mean saccadic intrusion amplitude with viewing condition. Overall a significant difference was found between the three viewing conditions (p < 0.001, Friedman non-parametric analysis). However while extinguishing the fixation target under monocular viewing conditions caused an approximate twofold increase in geometric mean saccadic intrusion amplitude, consistent with the findings of Gowen, Abadi, and Poliakoff (2005) , indicating that visual feedback plays a major role in ocular fixation, no significant change was observed when changing from monocular to binocular viewing conditions in the presence of a fixation target. A wide variation in saccadic intrusion frequency (number per minute) across subjects was observed (MWT 2-139, MNT 18-164 and BWT 6-168) mean values and standard deviations being given in Table 1 . No significant correlation of saccadic intrusion frequency with test paradigm was observed. Fig. 4 displays the variation of saccadic intrusion frequency with age for the MWT paradigm, a statistically significant but small positive correlation being observed (r = 0.29, p = 0.034). Similar positive correlations of saccadic intrusion frequency with age were observed for both the MNT (r = 0.37, p = 0.005) and BWT (r = 0.316, p = 0.019) test paradigms.
Saccadic intrusion amplitudes and frequencies
Fixation periods
Fixation periods ranged from 30 ms to in excess of 10,000 ms. Fig. 5 displays the distribution of fixation periods obtained from all subjects using the MWT test paradigm. For the purposes of clarity, only those fixation periods up to and including 2000 ms are shown. As found for saccadic intrusion amplitudes, fixation periods displayed a positively skewed distribution and the geometric mean fixation period is used as a descriptive parameter. The geometric mean fixation period was not significantly correlated with viewing condition (Table 1) but did display a significant negative correlation with age for all viewing conditions (MWT r = 0.38, p = 0.004; MNT r = 0.313, p = 0.02; BWT r = 0.36, p = 0.006) Fig. 6 presenting the variation for the MWT case.
Fixation displacement
During periods of fixation as defined in Section 2.3.2, the fixation displacement was calculated as the arithmetic mean of the eye displacement from the target position. Fixation displacements ranging from 0 deg, representing fixation on the target location, to in excess of 8.7 deg for the MWT and BWT test paradigms were observed. As found for saccadic intrusion amplitudes and fixation periods, the fixation displacements displayed a positively skewed distribution and consequently the geometric mean fixation displacement is used as a descriptive parameter. The variation of geometric mean fixation displacements with test paradigm is given in Fig. 7 and Table 1 . Overall a significant difference in geometric mean fixation displacement was observed between the three viewing conditions (p < 0.001, Friedman non-parametric analysis). Extinguishing the fixation target under monocular viewing conditions increased the mean geometric mean fixation displacement from 0.69 to 1.71 deg, no significant difference in fixation displacement was observed between the MWT and BWT viewing conditions. No significant correlation between subject age and geometric mean fixation displacement was observed for any of the test paradigms investigated.
Discussion
This work was designed to explore the characteristics of human ocular fixation by quantifying saccadic intrusions and fixation periods that occur during fixation. The specific aim was to produce measurements that could be useful in investigating the possible differential effects of pathology in various anatomical sites. A range of different saccadic intrusion morphologies, consistent with other authors (Abadi & Gowen, 2004; Abel et al., 1984) were seen in our subjects. In the presence of larger numbers of saccadic intrusions and ocular drift, it can be difficult to delineate the start and finish of individual square wave jerks (Abel et al., 1984) and also to classify the nature of the ocular fixation waveform being examined (Abadi & Gowen, 2004) . In this study, we have not sought to sub-classify these saccadic intrusions on the basis of their morphology and have characterised them using measures of their individual component saccade amplitudes and frequency of occurrence. Consequently, we describe monophasic square wave intrusion or biphasic square wave intrusion (Abadi & Gowen, 2004) as two and three saccadic intrusions, respectively. This obviates the need to make what can be difficult and subjective judgements about the morphological classification of particular waveforms (Abadi & Gowen, 2004; Abel et al., 1984) . In addition, we have determined fixation periods on the basis of a velocity threshold and have characterised these using their duration and displacement from a central fixation point. All subjects exhibited both saccadic intrusions and fixation periods during all test paradigms investigated. In all cases the amplitude/duration and amplitude/ peak velocity of our subjects' saccadic intrusions fell on the so-called 'main sequence' confirming the saccadic origin of the intrusions, similar observations being reported others (Abadi & Gowen, 2004; Garbutt et al., 2003; Zuber & Stark, 1965) and being well described by existing empirical models (Baloh et al., 1975; Garbutt et al., 2003; Lebedev et al., 1996) .
Saccadic intrusion amplitudes ranged from 0.2 to 7.1 deg for the MWT and BWT test paradigms with 87.6% being 61 deg. For the MNT conditions, saccadic intrusions amplitudes ranged from 0.2 to in excess of 10 deg in rare occasions with 52.3% having amplitudes of 61 deg. The absence of any correlation in saccadic intrusion amplitude with age is in agreement with that reported by Shallo-Hoffmann et al. (1990) but not with the findings of Abadi and Gowen (2004) who noted a positive correlation of the amplitude of monophasic square wave intrusions with age. Whilst our work reports an increase in the mean number of saccadic intrusions occurring in the MNT test relative to that observed for the MWT and BWT test, this increase, while consistent with that reported by Shallo-Hoffmann et al. (1989 , 1990 was not statistically significant. The frequency of saccadic intrusions displayed a weak positive correlation with age. This is consistent with that reported by Herishanu and Sharpe (1981) but not with that of Shallo-Hoffmann et al. (1990) or Abadi and Gowen (2004) .
Fixation periods, defined using a velocity threshold criterion, were observed in all subjects. No significant variation across the test paradigms was observed however, the geometric mean fixation period displayed a negative correlation with age for all test conditions (Fig. 6 ). This reduction in geometric mean fixation period is consistent with the increase in saccadic intrusion frequency reported here (Table 1) . No statistically significant difference in geometric mean fixation displacement was observed between the MWT and BWT test paradigms. However, extinguishing the fixation target resulted in an increase in the fixation displacement ( Fig. 7 and Table 1 ), an effect similar to that observed for saccadic intrusion amplitudes. The observed increase in saccadic intrusion amplitude and fixation displacement on extinguishing the fixation target indicates that visual feedback plays a significant role in the fixation stability, the absence of any change in saccadic intrusion amplitude, frequency, fixation period and displacement on moving from monocular to binocular viewing suggesting that visual correction in fixation is maximal with information form a single eye, a finding consistent with that of Abadi and Gowen (2004) and Ciuffreda et al. (1979) .
Whilst eye movements occurring during fixation may have an important role in visual perception (MartinezConde et al., 2004) , it seems unlikely that saccadic intrusions have any visual search function as their amplitudes are typically small (<2 deg) so they produce little field shift. Horizontal saccades occur when burst neurons are relieved from the tonic inhibition of omnipause neurons in the pons (Averbuch-Heller et al., 1996) . This normally happens after visual, auditory, somatosensory information is processed in various sites in the cerebral cortex and a command is relayed to the superior colliculus. It has also been reported that the cerebellum plays a role in determining the accuracy timing and deceleration of saccades (Swartz et al., 2003) . Mesulam (1981 Mesulam ( , 1990 has suggested the existence of large scale neural networks for visuospatial attention and eye movements where the frontal eye fields co-ordinate programmes for scanning and fixation, and the intraparietal sulcal area processes sensory maps of extrapersonal space. Functional imaging has produced conflicting information. A positron emission tomography study of normal human fixation Petit et al. (1999) demonstrated that the superior prefrontal gyrus, intraparietal gyrus and medial and lateral areas of the calcarine occipital lobes were all involved in fixation, whilst functional MRI study showed changes confined to the occipital and temporo-occipital regions only (Deutschlander et al., 2003) .
In normal individuals saccadic intrusions could occur due to lack of control at levels including areas of cerebral cortex, superior colliculus, pause cells, burst cells, cerebellum or connecting fibres. Further critical analysis of ocular fixation in diseases where the pathological anatomy is well defined will improve understanding of this system. In addition, it is possible that more practical consequences may emerge. Fixation is one of the simplest ocular motor tests to perform and requires little co-operation or cognitive effort. It is thus less vulnerable to 'ceiling effects' where there is a low threshold for failing to perform a test at all. This is seen with complex tasks such as anti-saccades and remembered saccades (Gibson et al., 1994) . The saccadic nature of the intrusions themselves provides opportunities to examine changes in the saccadic system over time. This along with the determination of fixation periods and displacements may provide a useful tool in studies of disease progression and neuroprotection where inexpensive but accurate objective measurements are scarce.
